



CHARACTERIZATION AND OPTIMIZATION OF 
 GEOMETRICAL ACCURACY AND MECHANICAL PROPERTIES 
OF SPECIMENS PREPARED BY 








A dissertation submitted to Johns Hopkins University in conformity with the 






© 2020 Lichen Fang 








Fused filament fabrication (FFF), also known as fused deposition modeling (FDM), 
is one of the most popular additive manufacturing processes. This low-cost technology 
gives more flexibility in designing complex three-dimensional (3D) structures and allows 
users to easily transform digital designs into physical items. However, advanced 
applications of FFF are still limited by the large variability of mechanical property and 
structural geometry of printed parts. It has been known that those printing qualities are 
highly dependent on the processing parameters, including layer height, print speed, nozzle 
temperature as well as environmental factors like chamber temperature and relative 
humidity. Still, there is a lack of fundamental understanding of those effects. 
To address this knowledge gap, we used X-ray micro-computed tomography 
(micro-CT) to perform full 3D geometrical characterizations on printed Polycarbonate 
specimens with different printing parameters. The results showed significant geometry 
variations depending on different printing conditions. We demonstrated the effects of 
reducing layer height, increasing nozzle temperature, as well as compensating material 
extrusion rate to improve geometric precision to a minimum of 0.8 % deviation compared 
to the original digital design. 
In addition to geometry variations, the environmental conditions could introduce 
multiple printing defects. In-situ infrared imaging analysis revealed the presence of up to 
5 °C/mm thermal gradient when printing using an open-chamber printer and a heated build 
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plate. Further experiments showed that this undesirable thermal gradient, as well as the 
corresponding warping defects, can be mitigated by adding a closed chamber and elevating 
the chamber (environmental) temperature. Regarding the environmental humidity, analysis 
of micro-CT scans showed up to 11.7 % porosity, which is caused by polymer water 
content absorbed from environmental moisture. Meanwhile, tensile tests showed the 
mechanical strength loss associated with those defects. Further experiments showed that 
this undesirable porosity could be minimized by drying filaments before printing and 
printing in a dry environment. 
We also conducted numerical studies by using finite element analysis based on 
material properties and CT-scanned geometries and found that the numerical model can 
accurately capture the modulus change brought by geometrical variations. Inspired by that, 
an empirical method is proposed to estimate the effective elastic modulus of the printed 
specimen. 
This study serves as a guideline for future FFF characterization and optimization, 
demonstrating a method of how to obtain the modulus of FFF specimens and improve both 
mechanical performance and geometrical accuracy by parameter selections. Meanwhile, 
the findings about environmental factors can help to enhance printing quality when applied 
in various locations and weather conditions. Furthermore, our experimental efforts can be 
integrated with advanced thermo-mechanical computational models to provide insight into 
the FFF process. 
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Chapter 1 : Introduction 
This chapter provides the objectives of this work and a review of the development 
and advances of fused filament fabrication (FFF) processes. Attentions are given to the 
previous studies of characterizing and improving FFF quality by changing processing 
parameters and environmental conditions. At the end of this chapter, the organization of 
this thesis is introduced. 
 
1.1 Motivation 
Additive manufacturing (AM) represents a revolution in fabrication methodology. 
After thousands of years of manufacturing goods by cutting excessive materials off or 
pouring melts into molds, scientists and dreamers started to think about another way: what 
if we can put materials at arbitrary locations and add them up? In 1974, Dr. David E. H. 
Jones firstly discussed the possibility of using lasers to selectively cure photopolymers and 
form arbitrary three-dimensional (3D) shapes [1]. Later in the early 1980s, this concept 
came true. Pioneers like Hideo Kodama, Bill Masters, and Chuck Hull, started to build 
early prototypes of stereolithography 3D printers [2]–[4]. Since then, multiple AM 
approaches were developed and commercialized, several most famous examples and their 
mechanisms are summarized in Figure 1.1, including powder bed fusion, which is driven 
by laser melting; fused deposition modeling (FDM), which heats and liquefies materials 
for deposition; binder jetting, which injects glues to join the powder-form materials; etc. 
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[5]. After twenty years of development, the early patent for FDM expired in 2009, and 
numerous companies started to sell their FDM-mechanism printers, but under another 





Figure 1.1: Additive manufacturing process categorization, reproduced from [5], use 




Among the various AM methods, FFF is one of the most popular processes [7]. The 
underlying mechanism and setup of FFF is shown in Figure 1.2, which melts and extrudes 
filament material to weld with previously deposited material and form 3D shapes. FFF’s 
low cost and straightforward operation significantly lowers the bar for both professionals 
and nonprofessionals to manufacture prototypes, compared with using traditional 
manufacturing methods that generally require extensive training, expensive equipment, 
and long lead times due to fabrication of casting molds, etc. [8]. However, the quality of 
FFF produced products are generally inferior to those of traditional manufacturing methods 
and heavily influenced by multiple processing parameters [9], which further limits more 
structural applications of this technology [10]. 
 
 
Figure 1.2: Schematic of FFF systems, reproduced from [5], use permitted under the 




This dissertation summarizes our efforts on addressing those printing problems and 
optimizing the FFF quality. We performed a combination of analytical, numerical, and 
novel experimental approaches on characterizing and understanding the factors that impact 
the FFF process. With that knowledge, practical guidelines for obtaining better printing 
quality were provided. In this dissertation, particular attention has been given to three 
common processing parameters (layer height, nozzle temperature, print speed) [9] and two 
environmental conditions (environmental temperature, environmental humidity). 
 
1.2 Background 
In the past few decades, a large number of studies have investigated the effects of 
different printing factors on geometrical and mechanical properties of FFF produced parts. 
In this section, those efforts have been reviewed and summarized. 
 
1.2.1 Factors that impact printing quality 
The most common variables include geometrical parameters (layer height, road 
width, gap between roads), thermal profiles (nozzle temperature, print bed temperature), 
and deposition rate (print speed, material feed rate), as illustrated in Figure 1.3 [11]–[15]. 
Besides these parameters that influence a single extrudate property, the tool path or strategy 
of how to stack up extrudates also contributes to the overall mechanical performance of the 
part. Thus, relevant parameters, including raster angle, infill density, and infill pattern, have 





Figure 1.3: FFF process parameter – illustration, reproduced from [18], copyright 2018, 
with permission from Elsevier. 
 
When varying geometrical parameters like layer height and road width, it will 
directly impact the single extrudate’s geometry: lower values will result in higher tensile 
strength and finer geometrical accuracy [19]. However, this will also slow down the 
printing process and may cause higher time cost, so there is a tradeoff between the speed 
and quality [20]. In addition, considering the strategy of patterning and stacking each single 
extrudate, the raster angle plays an important role. Since the welding strength cannot 
exceed the material’s intrinsic tensile strength, specimens will always have higher tensile 
strength along the aligned raster [21]. If the anisotropy is not desired, then 0°/90° or 45°/-45° 
depositing strategy could be applied [22]. In the meantime, the road gap and infill density 
can generate structural porosity, which will reduce the strength, but in return give faster 
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printing speed [23], [24]. Thus, in practical applications, typically the shell is printed with 
finer quality to have a smooth surface, while the interior has highly hollow infill patterns 
to save the material and time cost of the printing, as Figure 1.4 shows. 
 
 
Figure 1.4: Cross-section of a printed specimen with a solid shell and 45°/-45° infill pattern, 
reproduced from [23], copyright 2002, © Emerald Publishing Limited all rights reserved. 
 
Despite those geometrical factors, the thermal profile also plays an important role 
in printing quality. In principle, lower nozzle temperature and build plate temperature could 
make the extruded materials cool faster and give less time for welding, which has already 
been investigated by both numerical [25] and experimental studies [14]. Next, the shorter 
welding time (the duration that the interlayer region remains hotter than the glass transition 
temperature) could significantly reduce the welding quality between two adjacent layers as 
the polymer chains don’t have enough time to form entanglements [26]–[29]. Experiments 
on printing ABS and PLA have shown that the mechanical properties (strength and tear 
energy) increase with higher nozzle temperatures, as Figure 1.5 shows [14], [30]. 
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Additionally, there is an interesting slow-down in the increase when reaching certain 
temperature points, which is due to the full development of chain entanglements [31], [32]. 
 
 
Figure 1.5: (a) Comparison of tear energy to equivalent isothermal weld time. At the top 
of the figure, the bulk tear energy from a pressed ABS sheet is shown. Horizontal error 
bars are calculated from the standard deviation of 3 replicates. Vertical error bars are 
calculated from the standard deviation of 5 to 10 replicates. Republished with permission 
of the Royal Society of Chemistry, from [14]; permission conveyed through Copyright 
Clearance Center, Inc. (b) The tensile strength of PLA specimens fabricated with different 
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nozzle temperatures, reproduced from [30], copyright 2019, use permitted under the 
Creative Commons Attribution License CC BY. 
 
Finally, there are the environmental factors such as chamber temperature and 
humidity [33], which have long been insufficiently studied even though it was reported that 
they could significantly impact the printing quality: including introducing geometrical 
defects like warping and porosity, and reducing mechanical performance like strength 
(Figure 1.6) [34], [35]. 
 
 
Figure 1.6: Typical defects induced by environmental conditions. Above is the warping 
defect caused by low environmental temperature; bottom is the comparison between 
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printing under dry (left) and humid (right) environment, which has a significant difference 
in surface finish. 
 
To mitigate temperature-induced defects, a low cost and straightforward solution is 
adding a heated build plate to keep the specimen warm during printing. However, it was 
shown that a heated build plate could not provide a uniform temperature field across the 
entire building area (Figure 1.7), so that there still existed thermal-induced defects [9]. 
Then, the more expensive while effective solution is controlling the printing chamber’s 
temperature, and there have been multiple numerical studies focusing on its effects. Xia et 
al. studied the interactions between the polymer and the ambient air, showing that hot air 
can slow down the cooling of the extruded polymer [36] and give more time for welding 
[37]. Costa et al. looked into more details of the heat exchange process, including the heat 
conduction between materials as well as the heat convection and radiation with the 
environment, showing the convection and conduction have the highest impact [38]. Wang 
et al. [39] and Liu et al. [40] simulated the specimen distortion during the FFF process and 
showed that keeping a high environmental temperature can reduce the warpages. However, 
since most open-source FFF printers do not have temperature-controlled chambers, there 
are much fewer experimental efforts reported. Sun et al. built a chamber for printing PEEK, 
which requires a high environmental temperature to print, and they did find a significant 
improvement in specimen strength [41]. Spoerk et al. printed polypropylene filled with 
glass spheres, which showed better annealing quality and dimensional accuracy with 
elevated chamber temperature [13], [42]. Carneiro et al. found a 20 °C increase in 
environmental temperature could reduce the structural porosity of printed ABS by 50 % 
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[43]. Armillotta et al. studied the specimen warpage with both analytical and experimental 
approaches and stated a high chamber temperature close to glass transition temperature 
could significantly reduce the warpage [44]. 
 
 
Figure 1.7: (a) Location of parts built on the platform (top view); (b) Variation in 
temperature profiles when varying the part building locations, Reproduced from [12], 
copyright 2008, © Emerald Publishing Limited all rights reserved. 
 
Environmental humidity is another primary source of printing defects, while it is 
highly varied from material to material, considering their different water absorption 
properties [45]. For the polycarbonate (PC) that we are interested in, there have been some 
studies of its water absorption decades ago, investigating the physical property changes 
[46], and influences to the application of injection molding [47]. As Figure 1.8 shows, Ito 
et al. found PC could absorb up to 0.2 wt% of water within 3 hours under 24.5 °C and 88 % 
RH [48]. And multiple studies have shown that the PC’s mechanical properties will drop 
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upon water absorption, for which the primary reason is the microstructural defects: the 
absorbed water clusters can lead to the formation of microcracks [47], [49], [50]. 
 
 
Figure 1.8: Changes in absorbed water content at various relative humidity values at 
24.5 °C with time, reproduced from [48], copyright 2003, with permission from John Wiley 
and Sons. 
 
However, the water absorption is closely related to the material geometry 
(cylindrical filaments in our case), and the FFF process is also different from injection 
molding considering the heating time, material quantity, and seal. Thus, a study specifically 
designed for FFF is required. There have been very few papers published in this area. Halidi 
et al. have studied the moisture sorption effects on ABS filaments and confirmed it would 
not cause nozzle clogging [51]. Kim et al. studied the water absorption of printed ABS 
specimens and their corresponding property changes. The humidity was introduced 
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together with a higher temperature, showing the printed parts have significant aging effects, 
and the strength is reduced when storing in hot and humid conditions [52]. Valerga et al. 
studied the effects of humidity on PLA printing, and they found the material could degrade 
during storage and create bubbles when printing (Figure 1.9), hence reducing the 
mechanical strength of printed parts [53]. 
 
 
Figure 1.9: Influence of storage conditions and operating temperature on the surface finish 
of printed green PLA specimens, reproduced from [53], use permitted under the Creative 




1.2.2 Characterization of mechanical properties 
In previous works, the most common experimental method for characterization of 
the printed part is the uniaxial tensile test. From the uniaxial tensile test and fractographic 
analysis, the failure modes of FFF products were studied, showing the strong anisotropy in 
both failure strength and fracture mechanisms [54]. Furthermore, by rotating the build 
orientation with respect to the loading direction, it is possible to measure the anisotropy of 
FFF specimens [55]. If using 0°/90° raster angles (Figure 1.10) to mitigate the anisotropy, 
then the strength will be compromised since the 0° raster (printed perpendicular to the 
tensile test direction) carries much weaker loads than the 90° raster (printed along the 





Figure 1.10: Fracture surface of a 0°/90° orientation specimen, reproduced from [56], 
copyright 2016, with permission from Elsevier. 
 
To focus on the bonding quality between two adjacent extrudates, peeling tests [57] 
and Graves tear tests [58], [59] have also been reported, as shown in Figure 1.11. The tear 
tests suggested a strong relationship between nozzle temperature and tear strength, since 







Figure 1.11: Schematic of sample preparation and experimental setup of peel test (top), 
reproduced from [57], use permitted under the Creative Commons Attribution License CC 
BY; and illustration of tear test (bottom), reproduced from [59], copyright 2017, with 
permission from Elsevier. 
 
Nevertheless, only a few studies have quantitatively investigated the elastic 
response upon changing printing conditions, despite the common knowledge of additive 
manufactured parts have lower modulus. Studying Young’s modulus, the important 
material property used for material design and selection, of 3D-printed parts is especially 
important when considering the elastic response of a printed thin wall, which has a highly 
non-uniform cross-section geometry and very different mechanical performance [60]. 
Among the few studies that have addressed the elastic behavior of printed parts, most of 
them concluded that the tool path [61]–[64] and infill density [65], [66] are the critical 
factors that impact the modulus, as they could influence the effective loading area. 
Additionally, Park et al. [67] also indicated the geometrical non-uniformity brought by 





Figure 1.12: The geometry non-uniformity in FFF specimen, reproduced from [67], 
copyright 2014, with permission from Elsevier. 
 
1.2.3 Characterization of geometry 
Besides mechanical properties, another important quality issue is the dimensional 
accuracy and stability. To characterize the dimension of FFF products, there have been 
various studies applying different techniques, including optical microscopy [68], flatbed 
scanning [69], scanning electron microscopy (SEM, Figure 1.13) [9] and profilometer [70]. 
However, these methods are limited to 2D geometries like dimensional accuracy and 
surface roughness, and it is impossible to obtain interior information without sectioning, 
which will destroy the specimen [71]. To non-destructively obtain the 3D structure of the 





Figure 1.13: Fracture surface under SEM, reproduced from [9], copyright 2002, © Emerald 
Publishing Limited all rights reserved. 
 
As shown in Figure 1.14, micro-CT can generate 3D digital models of a specimen 
by taking multiple X-ray images from different angles and reconstructing its 3D profile 
from the cross-sectional images, with up to micron-level resolution [72]. Micro-CT was 
identified as a method to assess the quality of the 3D printed part in the early 90s  [73] with 
the first application of this concept to the AM process in 1997 [74]. Subsequently, micro-
CT has been utilized in powder-based AM, which has inevitable pore defects, to study its 
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influence on geometry and hence the mechanical properties [75]–[77]. More recently, 
micro-CT technologies have been utilized for various studies of FFF prints [78], including 
studying the structural voids caused by road gaps and infill patterns [79], [80]; 
characterizing air bubbles trapped inside printed specimens [81]; assessing the dimensional 
accuracy (deviation between scanned geometry and digital design) and inner defects of AM 
products applied in engineering [82], [83]; investigating anisotropic effects driven by pore 
percolation of samples with different raster directions [79], [84]; characterizing 
microstructural features of multi-directional preform [85] and fiber-reinforced composites 
[83], [86]; and understanding failure mechanism combined with in-situ tensile tests [66]. 
Recently, there is a study focusing on the effects of fabrication temperature, studying the 





Figure 1.14: Schematic of an X-ray micro-CT scan, reproduced from [78], copyright 2018, 
with permission from Mary Ann Liebert, Inc. 
 
1.3 Thesis Overview 
This thesis is a part of a collaborative project to uncover the relationships between 
key processing parameters and the anisotropy, strength, and toughness of FFF printed 
materials. The team consists of scientists and engineers from Johns Hopkins University, 
Georgetown University, and the National Institute of Standards and Technology, and the 
project is funded by the National Science Foundation. 
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The overall objective of this study is using a combination of analytical derivation, 
finite element analysis, and experimental tools to reveal the relationship between 
processing parameters, as-printed structures, and specimen properties. The subsequent 
structural and material property changes due to varied processing parameters could be 
explained with analytical models and further experimental validations. Then, the structure 
- mechanical property relationship could be simulated by finite element analysis. By 
linking those relationships, the guideline of optimizing parameters and improving printing 
quality could be proposed, more practical recommendations could be provided to printer 
users, and the data could work as references and help future studies. 
The thesis is organized in the following manner. Chapter 1 introduces the 
motivation of performing this study and outlines the background of this field, discusses the 
current research progress and the limitations. Chapter 2 describes the general fabrication 
and characterization techniques used in this study, including material characterization, FFF 
printer system setup, micro-CT scan, and mechanical tensile tests. Chapter 3 details the 
geometrical and mechanical impacts of varying common FFF processing parameters, 
including layer height, nozzle temperature, and print speed, explaining the mechanisms 
behind property changes. Chapter 4 discusses the influence of changing environmental 
conditions (temperature and humidity) and proposes models to help to understand the 
relationship between temperature - thermal gradient - warping, as well as the relationship 
for humidity - porosity - mechanical properties. Chapter 5 focuses on characterizing the 
effective Young’s modulus of printed specimens, utilizing both numerical and empirical 
methods to provide insights on the mechanical behaviors as well as gives practical 
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suggestions for engineering applications. Chapter 6 concludes the key findings of this 







Chapter 2 : Sample Preparation and Characterization 
 This chapter describes the general fabrication and characterization methods we are 
using, introducing printing material, printer setup, micro-CT scans, and mechanical tensile 





In this study, 2.85 mm bisphenol-A-polycarbonate (PC) filament from Ultimaker 
was used to fabricate all the specimens. PC is one of the most popular FFF printing 
materials due to its high strength and high thermal resistance, compared to other common 
printing polymers like PLA and ABS, according to Ultimaker’s specification; and it’s also 
printable at lower temperatures (compared to PEEK) and only requires lower-cost 
hardware. Here we have two additional considerations of choosing PC as the target material 
system: firstly, it is an amorphous linear homopolymer, so no crystallinity / material blend 
/ polymer branching needs to be considered; secondly, the PC filament is transparent so 
that it is easier to visually observe and check internal printing defects. 
First of all, the glass transition temperature of the PC filaments was measured. 
10 mg of PC was cut and heated from 50 °C to 250 °C with a 5 °C/min heating rate in the 
TA Instruments DSC Q20 Differential Scanning Calorimeter. As shown in Figure 2.1, the 
24 
 
peak of specific heat was observed at 114 °C, which indicates our PC’s glass transition 
temperature. This also matches well with the data from the manufacturer. 
 
 
Figure 2.1: Glass transition temperature revealed from the DSC scan. 
 
Then with assistance from Mr. Ojaswi Agarwal, tensile strength and Young’s 




Figure 2.2: Setup of filament tensile tests, courtesy: Ojaswi Agarwal. 
 
The Ultimaker filament was annealed at 140 °C (above the glass transition 
temperature) for 1 h, then clamped with serrated wedge grips (the Advantage Wedge 10 
with serrated wedges) for round specimens and pulled at a quasi-static strain rate of  
10-3 s-1. The Young’s modulus and the peak stress are shown in Figure 2.3 (a plot of 
engineering stress vs. engineering strain). The values are taken from the average of 5 
samples each, and the range reported is one standard deviation (tabulated in Table 2.1). 
The printed filament was printed from the stress relieved Ultimaker filament (i.e., without 
curvature) from a 0.5 mm wide nozzle in a LulzBot TAZ Single Tool Head v2.1. The 
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nozzle was heated to 280 °C and suspended 30 cm above the print bed. The filament was 
extruded at a rate of 3 mm3/s into a chamber held at 22 °C in ambient condition. This 
filament was cut into straight 30 mm length sections and held with Bionix Vise grips and 
EnviroBath Optional Grip 0.9. They were pulled with a quasi-static strain rate of 10-3 s-1. 
Both tests were run on an MTS Criterion Series 40 at ambient laboratory conditions right 
after the specimen preparation. 
 
 
Figure 2.3: Uniaxial tension plot of Ultimaker filaments before and after printing, five 








Table 2.1: Tabulated values of uniaxial tension specimens. 
 Diameter (mm) Young’s Modulus (GPa) Peak Stress (MPa) 
Bulk Filament 2.85 ± 0.02 1.87 ± 0.13 71.6 ± 3.6 
Printed Filament 0.46 ± 0.03 1.82 ± 0.05 66.4 ± 3.0 
 
 
2.1.2 FFF process procedures and conditions 
An open-source Lulzbot TAZ6 3D printer with 280 mm × 280 mm × 250 mm 
printing volume was used for sample fabrication. The print head we used is a LulzBot 
hexagon hot end tool head with 0.5 mm nozzle diameter. This printer extruder, equipped 
with an all-metal hot end, could heat up to 300 °C, and the build plate could heat up to 
120 °C. For better heat uniformity across the build plate surface, we replaced the original 
one with Lulzbot TAZ modular print bed heater. To have a low humidity environment for 
printing, a commercially available 3 mm-thickness acrylic enclosure (Printed Solid safety 
enclosure kit for Lulzbot TAZ 6) was added to the printer. To easily load and fetch the 
materials, we customized the front panel of the enclosure by making a 341 mm × 241 mm 




Figure 2.4: Picture of the printer set-up used in this study. 
 
To reduce printing defects, the polycarbonate filaments were dried in an oven 
(Lindberg/Blue M Vacuum Oven VO914C) at 100 °C for one hour before each printing 
process. During printing, the in-house compressed air line was connected to the enclosure 
to continuously provide dry air into the system. Our experiments showed that the relative 
humidity (RH) inside the enclosure could be reduced to 10 % RH within 10 min after 
turning on the compressed air. To monitor real-time environmental temperature and 
humidity during the printing process, a USB multifunction datalogger (EXTECH Model 
RHT35) was added to this system. The data logs showed that all sample fabrication 
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processes were conducted at room temperature (22 °C) and low humidity environment 
(≤ 10 % RH). 
 
2.1.3 Specimen geometry 
As Figure 2.5 shows, a hollow box geometry (70 mm by 70 mm by 50 mm) was 
used to prepare tensile and micro-CT specimens in this study. Each side of the box 
represents a single extrudate wide wall, formed by multiple extrudates stacking up one over 
another: within each layer, there is only one continuous extrudate deposited as a hollow 
square. The width of the wall equals the width of a single extrudate, which is set to be the 
same with the nozzle diameter of 0.5 mm. 
 
 





2.2.1 Geometrical characterizations 
As Figure 2.6 shows, a 10 mm by 10 mm piece of single filament wall was cut and 
scanned by Bruker Skyscan 1172 Micro-CT scanner. With a resolution of 4.87 μm/pixel, 
the relevant geometric information, including wall width and bond width, could be 
measured and extracted by image analysis with MATLAB. The scanned geometry was 
further compared with the original design and other specimens with different processing 
conditions to gain a better understanding of how processing parameters influence printing 
geometry. Additionally, to verify the accuracy of micro-CT measurement results, 





Figure 2.6: Reconstructed 3D geometry from micro-CT scans and its projections to two 
planes. 
 
To validate the micro-CT measurements based on post-processing, the cross-
sections of the printed parts were characterized by an optical microscope. After micro-CT 
scans, a key parameter for post-processing is the threshold, which defines the signal level 
used in post-processing: if a region has higher-than-threshold readings, it is considered to 
be solid material; otherwise it is considered to be air. As Figure 2.7(a) shows, different 
threshold selections can lead to significant differences in reconstructed geometry. To 
validate our results, we used an IsoMet 1000 diamond blade sectioning saw to section our 
printed samples. The flat cross-section planes were then observed and captured with a 
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Leica DM2700M optical microscope. The exact width was measured by counting pixels, 
which has a resolution of 1.07 μm per pixel, much better than 4.87 μm per pixel resolution 
of the micro-CT. The comparison between the two results are plotted in Figure 2.7(b). Both 
results converged together within a range of threshold from 0.13 to 0.16. This indicates 
that we could get satisfactory micro-CT measurements using any of the thresholds within 
the optimal range. While there are still little discrepancies (up to the size of one pixel) 
between different layers and thresholds, we chose 0.15 as the threshold in this study to get 
the highest accuracy across all conditions. 
 
 
Figure 2.7: Validation of micro-CT results. (a) The reconstructed geometry from micro-
CT varies with the post-processing threshold. To validate the results, the exact filament 
width was measured using an optical microscope. (b) The CT results converge with the 




2.2.2 Mechanical tensile tests 
Uniaxial tensile tests were performed with an Instron ElectroPlus E1000 tester 
based on the ASTM D1708 standard. As Figure 2.8 shows, dogbone tensile specimens with 
12 mm by 5 mm gauge area were fabricated with a VLS 6.60 laser cutter. Since heat from 
laser cutting can bring significant thermochemical effects like surface browning, painter’s 
tape was attached on both sides of the single filament wall to shield the specimens and 
mitigate those effects.  
 
 
Figure 2.8: Geometry of tensile specimens. 
 
Through observation (Figure 2.9), the browning was significantly reduced (while 
not entirely eliminated). For the cut edges, the polymer was molten and smoothed by laser 
cutting, which would minimize stress concentrations. For each set of processing parameters, 
at least 10 tensile specimens were fabricated and tested, with 5 specimens tested along 
printing direction (longitudinal test) and 5 specimens tested perpendicular to printing 





Figure 2.9: (a) Comparison between different laser cut processes. (b) The microscopic side 
view of the cut showing the materials are molten and smoothed by laser cut with protective 
paper tape. 
 
According to the ASTM D1708 standard, the speed of testing is set to be 0.01 mm/s 
for quasi-static conditions (less than 0.001/s strain rate), and the yield point was reached 
around 100 s. During the tests, the strain within the gauge area (where the tensile specimen 
has a constant width of 5 mm) was captured by Digital Image Correlation (DIC). To be 
noted here, as the surfaces of tensile specimens are not flat, DIC of speckle patterns did not 
work well in this study. Through some preliminary trials, the DIC of speckles generally 
had bad correlations, and it would give stochastic surface strain readings, which could not 
represent the real strain of test specimens. Thus, for here we made two marks within the 





Figure 2.10: Measurement of gauge area strain. 
 
30 frames-per-second videos were taken on a Canon EOS 80D digital single-lens 
reflex (DSLR) camera, and the 1920*1080-pixel videos could provide a resolution of 18.5 
μm/pixel. Figure 2.10 shows the measurements we have done during this process. Firstly, 
before tests, the distance between two marks and the distance between two grips were 
measured. Then, the image was captured at the time of interest, and the distances between 
two gauge area marks and two grips were measured again. From those numbers, 
engineering strain values in the gauge area were calculated as Equations 2.1: 
 
𝜀𝑔𝑎𝑢𝑔𝑒 = (𝐿𝑔𝑎𝑢𝑔𝑒




Further from video analysis, the relationship between time and gauge area strain 
εgauge could be calculated, and correlated with the force-time curve recorded by the tensile 
machine.  
After the tests, Young’s modulus and mechanical strength were calculated based 
on force-displacement curves and specimen geometry. To be noted here, two different 
calculation approaches were used regarding different application scenarios. For 
engineering applications that do not account for the specimen’s internal geometries, the 
tensile specimen is considered as a flat plate. Here the nominal tensile strength is calculated 
as the fracture force divided by the measured average initial cross-sectional area. Similarly, 
for the nominal Young’s modulus, the stress was calculated as force divided by measured 
average initial cross-section area, while the strain was analyzed from the pictures taken 
during tests (Equation 2.1 and Figure 2.10). On the other hand, if we want to characterize 







Chapter 3 : Effects of Printing Parameters 
In this chapter, we focused on the interlayer bonding region of bisphenol-A-
polycarbonate samples and studied the effects on changing printing parameters on their 
properties. The results showed significant geometry variations depending on different 
printing conditions, including print speed, layer height, and nozzle temperature. Based on 
the results, we demonstrated the effects of reducing layer height, increasing nozzle 
temperature as well as compensating material extrusion rate to improve geometric 
precision with a minimum of 0.8 % deviation. 
 
3.1 Introduction 
As stated in Chapter 1.2, there have been many works studying the geometrical and 
mechanical effects of changing processing parameters. However, most studies 
experimentally investigated the mechanical properties of bulk cubic structures or multi-
layer dogbone tensile specimens, rather than focusing on welding zones between adjacent 
layers, which are crucial for gaining a fundamental understanding of the relationship 
between process and property. Meanwhile, there is no quantitative study systematically 
covering all the major processing parameters in FFF, investigating the 3D geometry of the 
interlayer bonding region, and analyzing its correlation with mechanical performance. 
In this study, we selected some of the most important processing parameters: print 
speed, layer height, and nozzle temperature, and investigated how these parameters affect 
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the geometrical and mechanical quality of FFF products. We extracted the geometrical data 
of FFF samples fabricated with different processing parameters by using micro-CT and 
further analyzed the data. Then, we combined the geometrical analysis with the uniaxial 
tensile test results to study the effects of processing parameters on the bonding quality and 
the resulting geometrical and mechanical quality. Finally, we optimized the processing 
parameters based on the results from the study to produce FFF samples with better 
geometrical precision and mechanical performance. 
 
3.2 Materials and Methods 
3.2.1 Processing parameters 
Three different processing parameters were separately varied during printing: layer 
height (0.05 mm to 0.45 mm), nozzle temperature (230 °C to 290 °C), and print speed 
(5 mm/s to 30 mm/s). As a result, the volumetric flow rate will vary upon the changes of 
layer height and print speed. While all other parameters, including 0.5 mm road width, 
115 °C build plate temperature, and 100% flow index (also known as extrusion multiplier), 
were set to be constant during this study. 
 
3.3 Geometrical and Mechanical Effects of Varying Processing 
Parameters 
Throughout the tensile tests, longitudinal tests (along printing direction) and 
transverse tests (perpendicular to printing directions) showed different failure modes. As 
shown in Figure 3.1, longitudinal samples had ductile failure. The specimen firstly yielded, 
formed a necking zone, then the crack initiated at one side and propagated until the entire 
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sample reached a complete failure. Conversely, the transverse samples fractured much 
faster. From the videos, there was no sign before the specimen reached a sudden 
catastrophic failure, while more details could potentially be revealed from high-speed 
imaging. As observed after the tests, the cracks in transverse samples formed along the 
bonding interface, which is an expected result since the bonding zone has minimal area and 
strength. Since the transverse tensile specimen will fracture along the weakest bonding 
region, the measured bond width was used to calculate mechanical strength at the bonding 
region, which equals to fracture force divided by measured bonding area of 5 mm by bond 










To get a better understanding of the microscopic fracture mechanism, SEM scans 
were performed on the fracture surfaces using Tescan Mira-3. With assistance from Mr. 
Bohan Sun, Mr. Hao Sheng, and Dr. Luoning Ma, 5 nm of Pd-Au were deposited on the 
specimens via sputter coating, and multiple SEM images were taken. For the longitudinal 
direction tests, we could see the river patterns across the entire fracture surface, showing 
the crack propagation direction, as Figure 3.2 shows.  
 
 




From fractography theory, the river patterns are formed due to localized plastic 
deformation, and they could occur in both fast, brittle fractures and in slow, more ductile 
fractures [87]. While as mentioned above, from macroscopic observation, here the 
longitudinal tensile specimens exhibit ductile fractures. Tracing back from the crack 
propagation direction, we could identify a relatively smoother region as the crack origin. 
An SEM image with higher magnification is shown here (Figure 3.3), from which we could 
see the flat and smooth mirror zone followed by the river patterns. In fractography, the 
mirror zone represents the remnant of a ruptured craze (pre-crack structure), which 





Figure 3.3: Magnified SEM image of the fracture surface after longitudinal test. 
 
For transverse tests, both mirror zone (low plasticity) and non-smooth regions (high 
plasticity) are observed within the fracture surface, as Figures 3.4 and 3.5 show (two SEM 
images were shown for each case to show the reproducibility, same in Chapter 4). However, 
compared to the longitudinal tests, there is less plastic deformation, and hence the 
macroscopic fracture behavior is more like a brittle material. Previous literature has 
suggested that there could be mixed stress states (plane stress and plane strain) at the crack 










Figure 3.5: SEM image of another fracture surface after the transverse test. 
 
3.3.1 Effects of varying layer height 
Samples with different layer heights ranging from 0.05 mm to 0.45 mm were 
prepared and scanned by micro-CT. From Y-Z cross-sections of the reconstructed 3D 
model, we could obtain the pixel-to-pixel distribution of road widths along the stacking 
direction (Z direction). As shown in Figure 3.6, the maximum road width (the maximum 
value of the average road width within each layer) remained almost constant across 
different layer heights, while the average bond width decreased slightly with increase of 
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layer height. For all scanned samples printed at 100% flow index, the average widths were 
always larger than the designed wall width of 0.5 mm, indicating over-extrusion, which 
could be compensated by tuning flow parameters, as discussed in Chapter 3.3.4. The most 
significant change happened on the bond width (minimum road width within two adjacent 
layers). The bond width decreased steadily as layer height increased: since material 
sections were circular when extruded, and they will have less contact with larger layer 
height. The reduction of bond width influences the mechanical behavior of printed products, 
reducing both Young’s modulus and tensile strength. 
 
 
Figure 3.6: Geometrical effects of changing layer height. The error bars are from standard 




Uniaxial tensile tests were performed on samples with 0.15 mm, 0.30 mm, and 
0.45 mm layer height, and results were given in Table 3.1. For longitudinal tests along the 
printing direction, all stress-strain curves were calculated and plotted in Figure 3.7(a). All 
fifteen tested samples showed very similar stress-strain relationships, and the nominal 
ultimate tensile strengths (UTS) were 6 % smaller than that of the bulk PC, while the 
Young’s moduli were close to that of the bulk PC, as Figure 3.7(b) shows. 
 
Table 3.1: Tabulated results of uniaxial tensile tests on specimens with different layer 
heights. 
Layer height Nominal UTS (MPa) Young’s Modulus (GPa) 
0.15 mm - longitudinal 65.80 ± 3.27 1.76 ± 0.02 
0.3 mm - longitudinal 64.46 ± 2.49 1.79 ± 0.05 
0.45 mm - longitudinal 66.66 ± 1.88 1.81 ± 0.05 
0.15 mm - transverse 39.67 ± 1.99 1.79 ± 0.03 
0.3 mm - transverse 32.01 ± 2.45 1.52 ± 0.06 





Figure 3.7: Mechanical effects of changing layer height. (a) Stress-strain curves of 
longitudinal tests. (b) Ultimate tensile strength and Young’s modulus results of 





Figure 3.8: Mechanical effects of changing layer height. (a) Stress-strain curves of 
transverse tests. (b) Ultimate tensile strength and Young’s modulus results of transverse 




For transverse tests perpendicular to printing direction, the stress-strain curves for 
three different layer heights tend to group by layer height, as shown in Figure 3.8(a). For 
nominal UTS (equal to fracture strength here) and Young’s moduli, both values decreased 
with increasing layer height (Figure 3.8(b)), which is consistent with the bond width 
decrease observed above. To correct for the decrease in bond width, the area measured 
from micro-CT was used to calculate an actual UTS and Young’s modulus (Figure 3.9(a) 
and Table 3.2). Interestingly, we found that for different layer heights, there is only a slight 
increase of the mechanical strength at the bonding region, and the absolute values are 
around 30 % smaller than bulk PC’s strength while the fracture strain was approximately 
2.4 % for all samples, as plotted in Figure 3.9(b). This indicates the bonding area change 
is the main reason for strength reduction for different layer heights, and we could 
potentially predict the strength change by measuring the area of the bonding region. While 
for the Young’s modulus, all sections contribute to it, so that using bond width to normalize 
it will give unrealistic high values, this will be discussed more in Chapter 5. 
 
Table 3.2: Tensile test results normalized by bond width. 
Layer height Normalized UTS (MPa) Fracture strain (%) 
0.15 mm - transverse 49.46 ± 2.48 2.48 ± 0.13 
0.3 mm - transverse 50.08 ± 3.83 2.30 ± 0.19 




Figure 3.9: Mechanical effects of changing layer height. (a) Transverse tests ultimate 
tensile strength normalized by scanned cross-section area. (b) Fracture strain of transverse 




For nominal UTS, the fracture happens at the narrowest bond so that the bond width 
could be utilized to explain the mechanical change and calculate the mechanical strength 
at the bonding region (Figure 3.9(a)). For the reduction of modulus, the qualitative reason 
is the same: the narrower bond decreases the entire specimen’s stiffness. However, the 
quantitative explanation of modulus change is much harder, as both narrow and wide parts 
contribute to elastic deformation: neither the average width nor bond width completely 
capture the elastic response. As shown in Figure 3.6 and Figure 3.8(b), The change of 
Young’s modulus is not a simple linear function of bond width: for the 0.15 mm layer 
height, the modulus is similar to that of bulk PC; for the 0.45 mm layer height, the modulus 
is reduced by 30 %, but the bond width is reduced by 60 %. As mentioned in the literature, 
multiple factors could influence the as-printed modulus, including geometrical dimensions 
and nozzle exit pressure [15], [88]. For this modulus change, further analysis is described 
in Chapter 5.  
 
3.3.2 Effects of varying nozzle temperature 
To study the effects of changing nozzle temperature, samples printed between 
230 °C and 290 °C with 10 °C increments were scanned by micro-CT and analyzed. As 
Figure 3.10 shows, there was no significant change in the exterior geometry within this 





Figure 3.10: Geometrical effects of changing nozzle temperature. The error bars are from 
the standard deviation of data obtained from 5 measurements.  
 
For each nozzle temperature, ten dogbone specimens were prepared and tested, with 
five of them stretching along the printing direction (longitudinal) and the others 
perpendicular to the printing direction. For longitudinal tests, similar stress-strain curves 
were observed, and no significant influence on nominal UTS and Young’s modulus was 
found (Figure 3.11(a)-(b) and Table 3.3). The values of strength and modulus were close 
to those of bulk PC. However, the nozzle temperature affected the mechanical properties 
of samples loaded perpendicular to the print direction. As shown in Figure 3.12(a)-(b) and 
Table 3.4, Young’s moduli did not show a clear trend with increasing nozzle temperature, 
while the nominal UTS increased with nozzle temperature at first, then reached a plateau 
after 250 °C. As shown in Figure 3.10, no significant bond width change was observed for 
those samples, so that the strength loss below 250 °C should be due to other reasons, for 
example, the different thermal history. As stated in Chapter 1.2.1, the welding quality 
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between two adjacent layers heavily depends on the welding time, i.e., the duration that the 
interlayer region remains hotter than the glass transition temperature [26]–[29].  
 
Table 3.3: Tabulated results of tensile tests on longitudinal specimens printed with different 
nozzle temperatures. 
Nozzle temperature UTS (MPa) Young’s Modulus (GPa) 
230 °C - longitudinal 64.51 ± 2.26 1.69 ± 0.05 
240 °C - longitudinal 61.56 ± 1.73 1.78 ± 0.06 
250 °C - longitudinal 63.88 ± 0.97 1.74 ± 0.04 
260 °C - longitudinal 59.75 ± 1.30 1.65 ± 0.03 
270 °C - longitudinal 63.32 ± 2.63 1.71 ± 0.07 
280 °C - longitudinal 64.46 ± 2.49 1.79 ± 0.05 





Figure 3.11: Effects of the nozzle temperature on mechanical properties. (a) Stress-strain 
curves of longitudinal tests. (b) Ultimate tensile strength and Young’s modulus results of 





With higher nozzle temperature, the welding time will be longer, and the weld 
quality will be better. However, once enough interdiffusion and re-entanglement have 
occurred across the interface and reached equilibrium, longer welding times will not further 
increase the strength. Previous literature [14], [30] have shown that for ABS and PLA, 
there are also similar increasing trends of mechanical strength with higher fabrication 
temperatures, as well as the slowing down in strength increase at certain temperature points. 
While the different molecular weights could contribute to the minor deviations in this 
phenomenon considering the chain mobility differences.  
 
Table 3.4: Tabulated results of tensile tests on transverse specimens printed with different 
nozzle temperatures. 
Nozzle temperature UTS (MPa) Young’s Modulus (GPa) 
230 °C - transverse 17.63 ± 4.71 1.44 ± 0.03 
240 °C - transverse 21.13 ± 3.07 1.60 ± 0.04 
250 °C - transverse 31.27 ± 3.76 1.54 ± 0.09 
260 °C - transverse 26.16 ± 5.49 1.40 ± 0.04 
270 °C - transverse 28.97 ± 3.51 1.55 ± 0.07 
280 °C - transverse 32.01 ± 2.45 1.52 ± 0.06 






Figure 3.12: Effects of the nozzle temperature on mechanical properties. (a) Stress-strain 
curves of transverse tests. (b) Ultimate tensile strength and Young’s modulus results of 





3.3.3 Effects of varying print speed 
To study the effects of different print speeds, specimens with print speed ranging 
from 10 mm/s to 30 mm/s were fabricated, and their geometrical and mechanical properties 
were characterized. As shown in Figure 3.13, geometrical defects could be visually 
observed for high print speeds. Visible defects appeared on the surface of 20 mm/s print 
speed sample, and there was significant waviness when print speed reached 30 mm/s 
sample. From micro-CT scans, the defects on the 30 mm/s samples could be quantified as 
the periodical change of road width along the printing direction: the wavelength was around 
4 mm, and the amplitude was around 0.2 mm (Figure 3.14). From our speculations, the 
potential causes of this defect are insufficient bonding between the first layer and the build 
plate, as well as flow instability. When printing at high print speed, the mismatch between 
nozzle moving speed and nozzle extrusion speed causes the very first layer to be dragged, 
experiencing high shear rate between the fast-moving upper part and the static bottom part, 
which can further cause insufficient bond with the build plate and then the meandering 










Figure 3.14: (a) The micro-CT analysis of wavy patterns appeared for the 30 mm/s print. 
(b) Width of the specimens with changing print speed. The error bars are from standard 




Interestingly, no significant mechanical performance change was observed for 
samples with different print speeds, even with severe geometrical defects (Table 3.5). As 
Figures 3.15 and 3.16 show, for both longitudinal and transverse tests, the nominal UTS 
and Young’s moduli only have slight changes across multiple print speeds ranging from 
10 mm/s to 30 mm/s. These results could be due to the similar bond width and bonding 
quality within the tested range despite the waviness defects, as shown in Figure 3.14(b). 
Also, the trends are consistent with previous works [59], which suggests the mechanical 
performance remains similar before reaching a very high printing speed (~100 mm/s). 
 
Table 3.5: Tabulated results of tensile tests on specimens printed with different print speeds. 
Print speed Nominal UTS (MPa) Young’s Modulus (GPa) 
10 mm/s - longitudinal 64.46 ± 2.49 1.70 ± 0.05 
20 mm/s - longitudinal 60.47 ± 0.78 1.75 ± 0.04 
30 mm/s - longitudinal 60.15 ± 1.00 1.65 ± 0.03 
10 mm/s - transverse 32.01 ± 2.45 1.52 ± 0.06 
20 mm/s - transverse 30.55 ± 2.97 1.49 ± 0.06 






Figure 3.15: Mechanical effects of changing print speed. (a) Stress-strain curves of 
longitudinal tests. (b) Ultimate tensile strength and Young’s modulus results of 






Figure 3.16: Mechanical effects of changing print speed. (a) Stress-strain curves of 
transverse tests. (b) Ultimate tensile strength and Young’s modulus results of transverse 
tests. The error bars are from standard deviations of data obtained from 5 measurements. 
 
3.3.4 Compensation of over-extrusion 
As mentioned in Chapter 3.3.1, over-extrusions have been found in all printed 
samples. It could be a fabrication defect that varies from machine to machine. Due to die-
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swell effects, the volume control of extruded polymer is very sensitive to the normal stress, 
which is in turn sensitive to the capillary contraction, feed rate, and temperature [88]. 
Hence small geometry or control errors in mechanical assembly or/and stepper motors 
could result in significant over-extrusions. To compensate for those errors, we tuned the 
printing parameters as follows. For example, for the target width of 0.5 mm, the average 
road width measured by micro-CT was 0.523 mm. Since there is 4.6 % over-extrusion 
compared with the target dimension, we tuned the flow index to 95.6 % to limit the material 
feed and compensate the over-extrusion. After adjusting the flow index, we found the 
average road width changed to 0.504 mm, which gives much better geometrical accuracy 
with 0.8% deviation from the intended dimension. As shown in Figure 3.17, the specimen 
printed with a compensated flow index is slimmer than the original settings. Through 
micro-CT scans and image processing, its average fiber width (0.504 mm) is much closer 
to the target width (0.5 mm), which indicates the over-extrusion defect is successfully 
mitigated. By using this method, both printer users and manufacturers could fine-tune the 
settings for higher printing precision.  
 
 




3.3.5 Discussions of results  
In Chapter 3.3.1, the increase of tensile strength with decreasing layer height has 
been quantified and analyzed. From mechanical tests, the mechanical strength at the 
bonding region is measured to be around 30 % less than PC’s intrinsic property, which 
makes the transverse direction always weaker than the longitudinal direction. Then, 
combining with the micro-CT scan results, it is found that the geometry change at bonding 
regions further differentiates the strength of specimens printed with different layer heights. 
With higher layer height, the scalloping shape gives more variations in the width and 
produces narrower bonding regions. As a result, the narrow bonds serve as the weakest part 
with stress concentrated there, and the bonds will deform and fracture earlier and reduce 
the specimen’s strength. Based on the findings, decreases in layer height could be an easy 
way to improve mechanical performance, while users will suffer from extended printing 
time. Depending on different applications, a balance between strength and speed can be 
optimized. Meanwhile, the change in Young’s modulus opens a possible method for 
controlling the modulus of the printed product by varying printing parameters like layer 
height. 
In Chapter 3.3.2, the effects of varying nozzle temperatures were measured. For the 
PC filaments used in this study, the optimal nozzle temperature is above 250 °C, which is 
similar to the recommended value from the manufacturer. Lower nozzle temperatures 
significantly reduce the transverse mechanical strength. In practice, users may find the 
material is still printable using printers that cannot reach designated nozzle temperature, 
but the mechanical performance could be compromised. 
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In Chapter 3.3.3, it is shown that high print speed may lead to periodic geometry 
variations in printed products, while it did not harm the mechanical performance within the 
tested range. This finding suggests that if there is less requirement on geometric accuracy, 
increasing print speed could be a good method to improve printing efficiency while 
maintaining satisfactory mechanical performance, as the bonding area remains similar. 
However, if a smooth and flat exterior surface is desired, print speed should be limited to 
get good geometrical accuracy. Considering the main cause of waviness defect is poor 
bonding quality of the first layer, a potential solution could be tuning printing parameters 
of the first layer separately, which is an available function in multiple pre-printing slicer 
software. 
From our perspective, the mechanical performances of FFF specimens are directly 
controlled by the printed structures as well as the physical and chemical changes that occur 
during printing. However, the structural and property changes may not be sensitive to some 
printing parameters, which results in the insensitivity to those parameters. For varying print 
speed, the waviness defect shown in Figure 3.10 does not influence the bonding area 
between two adjacent layers within the test range so that there is minimal effect on 
mechanical properties. For varying nozzle temperature, while the macroscopic geometry 
remains similar, the strength decreases at lower nozzle temperatures, which is due to the 
changes in microscopic polymer entanglement according to the literature [26]–[29]. Finally, 
for the layer height, this parameter strongly impacts the as-printed geometries, changing 
both the bonding area and the uniformity along the stacking direction (Z direction). Thus, 




From these findings, several suggestions for printing parameter selections can be 
proposed. First, the experiments further prove that a sufficient nozzle temperature should 
be used to give long enough welding time for a fully developed interlayer bond to have 
good geometrical and mechanical properties. For the Ultimaker PC used in this study, the 
recommended minimum nozzle temperature is 250 °C. Next, machine-related extrusion 
error may cause under- or over-extrusion of printing materials, and this can be compensated 
by measuring the extruded volume and tuning the flow index. For our LulzBot TAZ 6 
printer and LulzBot Hexagon hot end tool head, reducing the flow index by 4.4 % provided 
better accuracy, resulting 0.8 % error in geometric dimensions. Last, but most importantly, 
varying layer height and print speed will have a tradeoff of printing time, geometrical 
accuracy and mechanical performance. Users need to balance between them based on the 
constraints such as available print time, mechanical strength, and geometric variability. 
 
3.4 Chapter Summary 
In this chapter, we conducted both geometrical and mechanical characterizations of 
FFF-printed parts with varied processing parameters, then analyzed these results to 
understand the processing-structure-property relationships. First of all, SEM images on 
fracture surfaces revealed the different levels of plasticity formed during longitudinal and 
transverse tests, which explained the different fracture modes (slow fracture for 
longitudinal, fast fracture for transverse). When increasing layer height, the bonding area 
reduced, and it caused reductions in transverse tensile strength and Young’s modulus. The 
strength change was correlated with geometry changes quantified with micro-CT scan 
results: the strength showed a linear relationship with the bonding area, while the modulus 
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change is more complex and will be discussed in Chapter 5. For varying the nozzle 
temperature, no significant geometrical difference was found, but a minimum threshold of 
250 °C was observed to reach maximum mechanical properties. At lower temperatures, the 
insufficient welding time could reduce the welding quality as polymer chain entanglements 
were not fully developed. If print speed is increased, there could be periodical geometry 
error in printed width due to the weaker bonding between the specimen and the build plate, 
while this geometrical defect did not influence mechanical performance within the range 








Chapter 4 : Effects of Environmental Conditions 
In this chapter, we investigated the influences of changing environmental 
conditions. For the environmental temperature, in-situ infrared imaging analysis revealed 
the presence of up to 5.4 °C/mm thermal gradient across the printed specimens when 
printing using an open-chamber printer and a heated build plate. For the environmental 
humidity, analysis of X-ray micro-computed tomography (micro-CT) scans showed up to 
11.7 % porosity, which is caused by polymer water content absorbed from environmental 
moisture. Meanwhile, tensile tests showed the mechanical performance loss associated 
with those defects, but surprisingly the transverse direction ductility may increase at higher 
porosity. Furthermore, the experimental results are combined with analytical and 
parametrical studies to explore quantitative relations between environmental conditions 
and printing quality. Based on the results, quantitative guidelines for estimation of printing 
quality based on environmental conditions are provided, which would also help users 




As stated in Chapter 1.2, It is widely known that the printing quality of fused 
filament fabrication (FFF) could be heavily impacted by environmental temperature and 
humidity, which creates defects including warping and porosity. However, more thorough 
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and systematic studies are still needed to quantitatively understand those influences. In this 
study, we investigated those issues step by step. For temperature effects, we firstly 
measured the temperature field using an infrared camera, and obtained the thermal 
gradients within specimens printed under different environmental temperatures. Then, 
from the thermal gradients, we predicted the warping deflection and compared with 
experimental measurements. Finally, we performed tests to capture the mechanical 
property changes. For humidity effects, we started with the water absorption test to quantify 
how much water printed materials can absorb under different levels of humidity. With the 
water content, we could estimate the corresponding porosity, which was compared with 
experimental results obtained from micro-CT scans. Eventually, the uniaxial tensile test 
results were obtained and analyzed together with pore size data and SEM images of fracture 
surfaces. 
 
4.2 Materials and Methods 
4.2.1 Water absorption test of PC 
To find out the water absorption properties of PC, a lab balance attached with a 
Cellkraft P-2 humidifier was used. As Figure 4.1 shows, 20 g of Ultimaker 2.85 mm 
polycarbonate printing filaments were dried in a vacuum oven at 110 °C for 1 h, then 
weighted on an OHAUS Pioneer precision lab balance. The chamber of the lab balance 
was connected to Cellkraft P-2 humidifier, which controlled the air humidity. The weight 
reading, chamber temperature, and chamber humidity were continuously monitored by a 
wireless camera for 24 h. The recorded videos further confirmed the temperature 




Figure 4.1: Setup of the water absorption test. 
 
 Dried PC filaments were then exposed to four different humidity levels (10 % RH, 
30 % RH, 50 % RH, 70 % RH) for 24 h to study the water absorption rate, and the resulting 
filaments with different water contents (0 wt%, 0.05 wt%, 0.10 wt%, 0.15 wt%) were printed 
and tested. 
 
4.2.2 PC’s coefficient of thermal expansion 
To model the warping defects, PC’s thermal expansion behavior needs to be 
characterized. A small piece of PC filament was cut out and mounted on TA Instrument 
Q800 Dynamic Mechanical Analyzer (DMA). The sample was firstly heated up to 140 °C 
72 
 
and then cooled down at a rate of 1 °C/min. The DMA’s zero force mode was applied, and 
the thermal-induced retraction of the specimen was recorded, as plotted in Figure 4.2. Here 
we could see there is a change in the coefficient of thermal expansion (CTE) around the 
glass transition temperature due to the phase transition [89], so that the exact CTE at each 
interested temperature point needs to be fitted. As a reference, it is fitted to be 73 μm/(m·K) 




Figure 4.2: Measurements of PC’s coefficient of thermal expansion. 
 
4.2.3 Environmental conditions 
In addition to the setup described in Chapter 2.1, a space heater (STEGO, Inc.) was 
mounted inside the chamber and connected to a temperature controller, which can vary the 
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environmental temperature from room temperature to 90 °C. To study the effects of changing 
environmental conditions, temperature and humidity were varied separately, i.e., the 
environment was kept below 10 % RH when studying temperature effects, and the 
temperature was set at 22 °C when studying humidity effects. Afterward, the corresponding 
physical and mechanical effects were also investigated. For environmental temperature, four 
different values (30 °C, 50 °C, 70 °C, 90 °C) were tested: the entire chamber was heated and 
kept around a target temperature during the printing process. The temperature fluctuation 
was around ± 5 °C, since the acrylic chamber does not have perfect thermal insulation. 
Despite the varied environmental conditions, all other printing parameters were kept the 
same, including layer height (0.3 mm), nozzle temperature (280 °C), print speed (10 mm/s), 
and build plate temperature (115 °C). 
 
4.2.4 Characterization 
In addition to the tensile tests, two other characterization techniques were applied 
to measure the property changes upon varying environmental conditions. Firstly, for the 
temperature side, infrared (IR) thermography was used to evaluate the temperature field of 
the specimen during printing. As Figure 4.3 illustrates, an IR camera (FLIR a6701sc 
camera with 50 mm F/2.5 lens) was set up in front of the printer, and a round hole was cut 
out at the front panel of the printer chamber to allow infrared light transmission, since 






Figure 4.3: Schematic of the infrared thermography system. 
 
To get the best accuracy, calibration of the PC emission spectrum was performed 
following the procedure described in [90]. As Figure 4.4(a) shows, a small piece of printed 
PC was put on Linkam THMS600 Thermal Stage, which could precisely control the 
specimen temperature with 0.1 °C accuracy. The specimen was heated and kept at nine 
different temperature points, ranging from 100 °C to 300 °C with a 20 °C interval. The 
infrared emission was recorded by FLIR a6701sc infrared camera at 4.08 ms shutter time 
and F/2.5 stop, and the obtained infrared counts were analyzed together with hot stage 
temperature. As Figure 4.4(b) shows, we could successfully capture the relationship 











where h is Planck's constant; c is the speed of light; kB is the Boltzmann constant; λ is the 
wavelength of the infrared light, which is 4 μm for our camera; I(T) is the infrared intensity, 
represented as photon count here; T is the specimen temperature. Using MATLAB’s curve 
fitting toolbox, C1 is fitted to be 3.04E-5, C2 is fitted to be 0.895, bkg is fitted to be 869.8, 
with R2 equals to 0.9999. 
 
 
Figure 4.4: Calibration of PC’s infrared emission. (a) Pseudo-color infrared image of PC 
sample on hot stage; (b) Curve fitting of the infrared signal using Plank’s law. 
 
 Next, considering the IR signal is a combination of material emitted photons and 
the build plate reflected photons, additional subtraction needs to be done [90].  To eliminate 
the reflected signals, we measured the reflection by imaging the pass of hot and cold 
extruder without extruding materials, from which we could see there are reflections in the 
hot pass while no reflection in the cold pass (Figure 4.5). Subtracting the two signals will 






Figure 4.5: From top to bottom, pseudo-color infrared images of extrusion, hot extruder 




The same set of infrared camera settings and calibrations were then applied in the 
measurement of the thermal gradients of specimens during printing. Later, the measured 
photon counts at regions of interest were imported into MATLAB for converting to the 
temperature field and performing further analysis. During printing, we found the extruded 
material temperature could be 15 °C lower than the nozzle temperature set at 280 °C. 
However, IR thermography could not measure the material temperature when it’s inside 
the nozzle, and the material cools down fast after leaving the nozzle. Thus, the real material 
temperature shall be between 265 °C and 280 °C. 
Then after printing, pictures of the specimens were taken using a Canon EOS 80d 
DSLR with a 100 mm F/2.8 USM macro lens mounted on Manfrotto 190XPRO3 tripod. 
The images have resolutions of 15 μm/pixel and were later used to quantify the warping 
deformation associated with the thermal gradient. 
 
 




Next, for humidity effect, besides the water absorption test mentioned before, the 
as-printed specimens were scanned by Bruker Skyscan 1172 micro-CT with 4.87 μm 
resolution, the calibration process has already been discussed in Chapter 2.2.1. All pores 
larger than 10 μm could be identified and segregated (smaller pores cannot be detected), 
using the post-processing software package Dragonfly. As Figure 4.6 shows, each pore was 
labeled separately using the Watershed transformation algorithm, and then statistics of the 
pore size distribution and overall porosity could be obtained. 
Finally, mechanical tensile tests were performed on all specimens following the 
procedure described in Chapter 2.2.2. 
 
4.3 Geometrical and Mechanical Effects of Varying Environmental 
Temperature and Humidity 
4.3.1 Effects of varying environmental temperature 
In this subsection, the relations among environmental temperature, specimen 
thermal gradient, warping defects, and mechanical properties were investigated and 
discussed. An analytical estimation of the warping deformation was also proposed and 
examined. 
4.3.1.1 Characterization of temperature field within the specimen 
Using the infrared camera, the pseudo-color thermography images of twenty 
specimens were plotted and labeled in Figure 4.7, representing the thermal profiles right 
after finishing printing under four different environmental temperatures. Within the 
pictures, the bottom part is the build plate, which has a constant temperature; the top part 
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is the far-side acrylic chamber background (out of focus), which represents the rising 
environmental temperature; in the middle is the specimen being printed, which has a clear 
layer-by-layer structure. To be noted here, the bright and dark stripes in specimens do not 
indicate there are quite different temperatures. They are mostly due to the differences in 
the surface normal: if the surface is facing the camera, the sensor could receive maximum 
radiations and get the correct temperature readings; otherwise at the connecting point 
between two layers, the surface normal is not pointing toward the lens, and the infrared 
emission received by the lens is smaller so that the temperature reading is lower. Due to 






Figure 4.7: Infrared images of specimens just finished printing under four different 




In the images, it is obvious that the temperature dropping rate (i.e., thermal gradient) 
has changed significantly with the change of the environmental temperature. The numbers 
were quantified and plotted in Figure 4.8, from which we could see the specimen 
temperature decreasing with the distance from the build plate. At 30 °C, a 5.4 °C/mm 
thermal gradient was observed; while the thermal gradient was reduced to 2.7 °C/mm when 
the environmental temperature increased to 90 °C. 
 
 
Figure 4.8: The relationship between specimen temperatures and the average thermal 
gradients at different heights. 
 
4.3.1.2 Warping defect predictions and measurements 
With the thermal gradient, strain mismatches were brought by the different thermal 
expansions in different layers, causing warping defects. From polymer theory, PC is highly 
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viscous before cooling down to glass transition temperature; after passing that point, any 
further thermal shrinkage will create corresponding thermal stress [44]. From previous 
literature, we could consider only elastic and plastic deformations in PC’s glassy state, 
while the viscosity is extremely high (> 1021 MPa·s at room temperature) [91]. At higher 
and colder layers, there is a larger temperature difference between specimen temperature 
and glass transition temperature, so that PC shrinks more than lower and warmer layers. 
As a result, the entire printed specimen tends to bend upward, while the deflection could 
be mitigated with higher environmental temperature, which generates less thermal gradient, 
as Figure 4.7 shows. 
Given the observed thermal gradient, it is possible to analytically predict the 
corresponding warpages. In our case, the maximum thermal strain is smaller than 2%, 
which is within the linear region of the stress-strain curve (Figure 2.3), so that no plasticity 
is involved. For a slender beam without external constraint, the warping-induced curvature 
could be estimated as: 
 






 , (4.2) 
 
here α(T) is the coefficient of thermal expansion obtained from Figure 4.2, fitted at each 
interested temperature ranges; L is the beam length (considering the symmetry, we use 35 
mm here); H is the beam height; Tg is the glass transition temperature; Ttop and Tbottom are the 
temperatures at top and bottom of the specimen. The temperature/height term is equal to the 
thermal gradient along height direction, marked as dT/dz, the measured values have already 
been given in the Chapter 4.3.1.1. 
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 However, since our specimen is not a slender beam, the shear deformation cannot 
be ignored. Hence, we applied a correction based on Timoshenko beam theory [92], [93]: 
 






 , (4.3) 
 
where E is the elastic modulus, G is the shear modulus (E/G = 2.7 for PC), I is the second 
moment of area, A is the cross-section area, K is the Timoshenko shear coefficient (equals 
to 5/6 for a rectangular section). 
 As a comparison, we took pictures of the specimens printed with different 
environmental temperatures, shown in Figures 4.9 - 4.12 (increased contrast). The 
curvatures were then extracted via MATLAB processing of converting to binary figures 
and fitting to circles. To be noted, in real practices there are some common measures to 
mitigate warping defects, including gluing the specimens to the build plate and 
intentionally increasing the first layer’s width for better bonding. Here we did not apply 
any of those measures, and the pictures were taken after releasing the specimens from the 

















Figure 4.12: Warpages of specimens printed under 90 °C environmental temperature. 
 
From Figure 4.13, we could see the model can capture the warping curvature 
change upon a different environmental temperature. The discrepancy, especially for the 
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overestimation at 90 °C, could be attributed to the adhesion effects. The adhesion force 
between the build plate and the specimen could compensate for the bending moment 
induced by thermal stress, especially at higher temperatures when the thermal stress is 
smaller. Here in experiments, we tried to minimize the adhesion effects to fulfill the ‘no 
external constraint’ condition in our model. While in practice, the adhesion force could 
depend on multiple factors including material pair, build plate temperature, glues, first 
layer geometry, etc. 
 
 
Figure 4.13: The plot of prediction and measurements of bending curvatures changing 
with environmental temperatures, the error bars are from standard deviations of data 
obtained from five measurements. 
 
From this mechanism, there could be two ways to reduce thermal deflection. The 
first one is increasing the adhesion between the build plate and printed specimen. However, 
a concern here is the thermal stress still exists during printing. And if it is large enough, it 
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may overcome the bonding force between layers and cause delamination. The second 
option is increasing the environmental temperature, and from our observation, it could 
continuously mitigate the warping defects. 
 
4.3.1.3 Impacts on mechanical properties 
Finally, the mechanical strengths of printed specimens were measured in Table 4.1. 
For longitudinal direction (stretch along printing direction), the ductile mechanical 
responses are similar to those of bulk PC, as Figure 4.14(a) shows. In Figure 4.14(b), the 
ultimate tensile strength also shows a slightly increasing trend with increasing 
environmental temperature, which could be due to the mitigation of geometrical defects, 
including warping and delamination. With fewer warpages, the extrudates are more aligned 
to the testing direction, which provides higher strength. However, the strength is always 
smaller than that of bulk PC, indicating the mechanical performance loss brought by FFF 
processing. 
 








30 °C 57.24 ± 2.75 19.52 ± 3.25 
50 °C 59.72 ± 3.31 21.98 ± 6.38 
70 °C 57.54 ± 10.54 25.95 ± 3.18 





Figure 4.14: Mechanical effects of varying environmental temperatures. (a) Stress-strain 
curves of tensile specimens tested longitudinally, the arrow denotes the increasing strength 
with environmental temperature; (b) Ultimate tensile strengths of longitudinal specimens 
printed with different environmental temperatures, the reference value of unprinted bulk 
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PC is denoted as a pale blue shaded region. The error bars are from standard deviations of 
data obtained from five measurements. 
 
For transverse direction (stretch perpendicular to the printing direction), the 
mechanical performances reduce significantly, and it showed a brittle behavior, suggesting 
a strong anisotropy, as Figure 4.15(a). The earlier fracture of specimens is majorly due to 
the non-uniform cross-section geometry in the transverse direction (illustrated in Figure 
2.5); the bond between two layers is always narrower, and hence easier to break. 
Nevertheless, comparing different environmental temperatures, a slightly increasing trend 










Figure 4.15: Mechanical effects of varying environmental temperatures. (a) Stress-strain 
curves of tensile specimens tested transversely; (b) Ultimate tensile strengths of transverse 
specimens printed with different environmental temperatures. The error bars are from 




4.3.2 Effects of varying environmental humidity 
In this subsection, the relationship among environmental humidity, specimen 
porosity, and mechanical properties was investigated and discussed. An analytical 
estimation of the porosity was also proposed and examined. 
 
4.3.2.1 Water absorption of PC 
To investigate the effects of environmental humidity, the very first task is to 
understand how much water the PC could absorb. As described in Chapter 4.2.1, the weight 
change of 20 g of dried PC filaments had been monitored for 24 h with exposure to five 
different humidity levels, ranging from 10 % RH to 90 % RH. After experiments, the 
filaments were re-dried and weighted to make sure they return to the original weight, hence 
the weight change is purely due to moisture absorption. The results were plotted in Figure 
4.17, except for the results under 90 % RH, in which we observed significant droplet 
condensation and mist inside the lab balance chamber, as shown in Figure 4.16. 
Theoretically, condensation shall only happen after the humidity reaches 100 % RH. 
However, due to potential condensation nucleus (dust / sharp edges), the droplets may form 
earlier. As a result, those droplets could add extra weight to our specimens so that the 




Figure 4.16: Evidence of unreliable weight reading under 90 %RH due to condensation. 
 
All four curves showed very high water absorption rate at the beginning, and the 
rate gradually dropped with time, until it reached equilibrium. The measured saturation 
points were around 0.01 wt%, 0.05 wt%, 0.10 wt%, and 0.15 wt%, respectively. The results 
are comparable with previously reported data [48]. When those filaments are printed, the 
water stored inside evaporates by the heat and creates undesired pores within specimens. 
To be noted here, understanding the process of printing non-saturated filaments could be 
very complicated. According to previous literature, the water diffusion depth in cylindrical 
filaments is proportional to the square root of time multiplied by diffusivity [94]. Thus, the 
interior core and exterior surface of the filaments may have different water contents and 





Figure 4.17: The weight change over time of PC filaments exposed to different humidity 
levels, specimens saturated after 24 h. 
 
4.3.2.2 Characterization of pore defects 
Printing with the filaments that have different water contents, we obtained several 
specimens. To characterize their porosity defects, micro-CT scans were conducted. Four 
representative scanned cross-sections of the specimens are plotted in Figure 4.18. For 
printing with dried filament, the porosity is as low as 0.16 vol%, while for high water 
content filament (0.15 wt%), the printed specimen has porosity up to 11.7 vol%, and the 





Figure 4.18: The CT-scanned cross-sections of printed specimens using filaments with 
different water contents. 
 
If assuming all the water is vaporized and hence creating pores inside the specimen, 
we could calculate the corresponding vapor volume from mass conservation. Similar to 
other gases, water vapor is not an ideal gas, and corrections need to be applied to the ideal 




= 1 + 𝐵𝜌 + 𝐶𝜌2 + ⋯ (4.4) 
 
where P is the pressure inside the nozzle; ρ is the molar density, which is correlated with 
both vapor mass and volume; R is the gas constant of 8.314 J/(K·mol); T is the material 
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temperature, which in principle shall be equal to the nozzle temperature of  280 °C (553 
K), but in practices it could be lower than that considering thermal conduction takes time 
[96]. From our IR observation, the material temperature could be 15 °C lower than nozzle 
temperature after coming out of the nozzle. This shall serve as the lower bound of the 
material temperature since IR thermography could not measure the temperature inside the 
nozzle, and the material cools down fast in ambient. Thus, here we made another 
calculation based on the temperature of 265 °C (538 K). Finally, B and C in Equation 4.4 
are the virial coefficients that are characterizing the interaction potential between particles 
(B for two particles, C for three, etc.), which provide systematic corrections to the ideal 
gas law. In practice, the higher-order virial coefficients (C and beyond) are often ignored 
since interactions between three and more molecules are less likely to happen in the gas 
phase [97]. While the water vapor’s second virial coefficient B has been extensively 










where B0 is 1000 cm
3/mol, T* is T/100K, a1 is 0.34404, b1 is -0.5, a2 is -0.75826, b2 is -0.8, 
a3 is -24.219, b3 is -3.35, a4 is -3978.2, b4 is -8.3 [98]. And the resulting B at 553K is -
128.1678 cm3/mol, while at 538K is -138.7297 cm3/mol. 
 The final unknown parameter is the internal pressure, which is relatively hard to 
measure. A previous literature has reported an estimation approach derived from the 










2  (4.6) 
 
here the Newtonian viscosity μ is 249.88 Pa·s for our PC under 280 °C and 354.83 Pa·s 
under 265 °C; q is the volumetric flow rate normalized by a unit length in the Y direction, 
which is 36.67 mm2/s for our printing parameters; D is the nozzle diameter of 0.5 mm, vp 
is the print speed of 10 mm/s, hl is the layer height of 0.3 mm. Finally, the pressure is 
estimated to be 1.95 MPa at 280 °C and 2.77 MPa at 265 °C. 
 From Equations 4.4 - 4.6, we could calculate the water vapor’s molar density (ρ) to 
be 450.10 mol/m3 at 280 °C and 684.23 mol/m3 at 265 °C. Then, the porosity could be 
estimated as: 
 
Porosity = water content ∗ 𝜌𝑃𝐶/𝜌𝑀𝑤𝑎𝑡𝑒𝑟 (4.7) 
 
where the density of PC is 1.22 g/cm3, Mwater is the molar mass of water as 18 g/mol. 
Substituting different water contents into Equation 4.7, we could get the estimation of the 
porosity. The comparison between this mass-conservation model and measured values is 
plotted in Figure 4.19, from which we could find the model’s values are significantly higher 
than measured values. This could be due to two primary reasons; the first one is the water 
vapor may escape from the specimens, especially for water distributed near the exterior 
surfaces of the filaments; the second reason is the limitation of our measurement capability: 
our micro-CT scans ran at 4.87 μm/pixel, meaning all the pores smaller than that were not 











Figure 4.20: Empirical Cumulative Distribution Functions (CDF) for the pore sizes of 
printed specimens using filaments with different water contents, dotted lines indicate the 
upper and lower bounds of 95% confidence intervals. 
 
To further quantify the size of those pores, the Dragonfly software package was used 
to segregate each pore and statistically analyze the pore size distribution. The results are 
shown in Figure 4.20, which illustrates the empirical Cumulative Distribution Function 
(CDF) [99] for the pore sizes. We could find that higher water contents lead to higher 
percentages of large pores. And, the absolute volume of the largest pores also increases 
with water contents. As a result, according to fracture mechanics, samples with the larger 
pores shall have lower mechanical strengths as the pores could easily initiate and help 
propagating the cracks. 
 
4.3.2.3 Impacts on mechanical properties 
Finally, we can consider the mechanical performance changes with pore defects. 
Previous literature has shown that the PC’s mechanical properties will drop upon water 
absorption, which mainly due to two reasons: one is the absorbed water clusters can lead 
to the formation of microcracks [47], [49], [50]; the other is the molecular weight reduction 
upon hydrolysis [100]. For our case, the printed materials have been extruded from the hot 
nozzle and then kept on the 115 °C build plate for hours, so that the specimen is expected 
to have minimal water content after printing. This was further confirmed by additional 
drying experiments with the oven: the weights of the printed specimens do not change 
before and after drying. Though without any water content, the pore defects left inside the 
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specimen can still impact the mechanical properties, this shall be accounted as a 
geometrical factor and will be discussed below. For the hydrolysis reaction, it’s a much 
slower process that takes months to show significant difference [100], which doesn’t need 
to be accounted in our case. 
The results are tabulated in Table 4.2. For longitudinal direction (stretch along 
printing direction), the mechanical behavior is still ductile, as Figure 4.21(a) shows. 
However, there is a significant loss in ultimate tensile strength when printing with higher 
water content. As Figure 4.21(b) shows, the strength decreases around 30 % compared to 
printing with dry filament, for which the strength is close to that of a bulk PC. Such a loss 
could be attributed to the porosity. The randomly distributed pores reduce the effective 
cross-section areas as well as create stress concentrations, which greatly weaken the 
specimens.  
 









fracture strain (%) 
0 wt% 64.95 ± 3.61 30.23 ± 4.35 2.03 ± 0.23 
0.05 wt% 65.86 ± 3.14 9.34 ± 2.20 0.70 ± 0.26 
0.10 wt% 47.78± 4.15 4.94 ± 0.81 0.81 ± 0.10 






Figure 4.21: Mechanical effects of varying water content. (a) Stress-strain curves of tensile 
specimens tested longitudinally, the arrow denotes the decreasing strength with higher 
water contents; (b) Ultimate tensile strengths of longitudinal specimens printed with 
different water content, the reference value of unprinted bulk PC is denoted as a pale blue 
shaded region. The error bars are from standard deviations of data obtained from five 
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measurements. The reference value of unprinted bulk PC is denoted as a pale blue shaded 
region. 
 
For transverse direction (elongated perpendicular to the printing direction), again 
the mechanical performances drop, and now the behavior becomes brittle, meaning the 
ultimate tensile strength is also the fracture strength, as Figure 4.22(a) shows. Here we 
observed a very interesting trend of mechanical property change: both fracture strength and 
strain firstly decrease but later increase with the increase in water content, as denoted in 
Figure 4.22(b). This phenomenon only happens in the transverse direction, suggesting it 
could be a combined effect of printed geometry and pore defects. As the illustrations in 
Figure 4.23 show, when there is no porosity, the weld point between two layers could 
initiate the crack, and the crack would propagate along the relatively narrow bond; when 
some porosity is introduced, the extra pores could help the crack initiation and propagation, 
causing lower fracture strength; however, when the porosity is high, the randomly 
distributed pores may deviate the crack and let it propagate along a longer path, which 
might introduce some extra ductility to the specimens. Evidence for this hypothesis is the 
pictures shown in Figure 4.23, from which we could see for no water content, the crack is 
exactly along the bond between two layers; while for higher water content, the crack 




Figure 4.22: Mechanical effects of varying water content. (a) Stress-strain curves of tensile 
specimens tested transversely; (b) Ultimate tensile strengths and fracture strains of 
transverse specimens printed with different water content. The error bars are from standard 
deviations of data obtained from five measurements. The reference value of unprinted bulk 






Figure 4.23: Illustrations and images of crack formations. 
 
To further investigate the mechanism behind the extra ductility, we performed SEM 
scans on the fracture surfaces of porous specimens. As mentioned in Chapter 2.2.2, for 
non-porous transverse specimens, the crack propagates along the bonds between two 
adjacent layers. Similarly, for specimens printed with wet filaments, the fracture also 
initiates along the bonds. However, under SEM we could observe multiple pores across the 
surfaces, which reduce the effective cross-section areas as well as help propagating the 





Figure 4.24: SEM image of the fracture surface of a transverse specimen printed with 





Figure 4.25: SEM image of the fracture surface of another transverse specimen printed with 





Figure 4.26: SEM image of the fracture surface of a transverse specimen printed with 





Figure 4.27: SEM image of the fracture surface of another transverse specimen printed with 
filaments of 0.10 wt% water content. 
 
 The specimens in Figures 4.22 and 4.23 were printed with filaments that have 0.05 
wt% of water content, while the value in Figures 4.24 and 4.25 is with 0.10 wt% of water. 
Compared to the specimens printed with dry filaments (Figures 3.5 and 3.6), those ‘wet’ 
specimens have more pores across the surface, and in return, there are more smooth zones 
and fewer localized plasticity, which cause the specimen to fracture earlier and has much 
lower mechanical strength in the transverse direction (Table 4.2). 
 When the water content increases to 0.15 wt%, there are even more pores, as shown 
in Figures 4.28 and 4.29. However, the extra porosity deviates the crack and let it propagate 
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across different layers, which can elongate the crack path and increase the ductility. This 
could explain the extra strength and ductility observed in tensile tests. 
 
 
Figure 4.28: SEM image of the fracture surface of a transverse specimen printed with 





Figure 4.29: SEM image of the fracture surface of another transverse specimen printed with 
filaments of 0.15 wt% water content. 
 
As a summary, the porosity brought by moisture absorption could significantly impact 
both the geometry and mechanical performances of printed specimens. The pores not only 
make the product rougher, but also decrease the uniformity of the printing pattern. For the 
mechanical side, the strengths will decrease in both longitudinal and transverse directions 
with water content. Though some extra ductility could be introduced at very high water 
content, the mechanical performance is still worse than that of printing with dried filaments. 
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Combining with the water absorption test results shown in Chapter 4.3.2.1, avoiding 
water content is not only about drying filaments beforehand, but also minimizing moisture 
absorption during printing, as the absorption rate is very fast at the beginning. For example, 
if less than 0.05 wt% water content is desired, printing could either be performed under 
30 % RH -- as long as the printing does not take a full day. Otherwise, a dry environment 
is required since PC can absorb 0.05 wt% of water in less than two hours when under  
> 50% RH humidity. 
 
4.4 Chapter Summary 
In this chapter, we systematically investigated the geometrical and mechanical 
effects of varying environmental temperature and humidity during the FFF process, using 
a combination of analytical and experimental approaches. Regarding temperature, the 
temperature gradient within specimens was quantified, and the resulting warping defects 
were estimated and measured. The model and experiments show that increasing 
environmental temperature (30 °C to 90 °C) could mitigate the warping defects by a 50% 
reduction in curvature, as well as improve mechanical performance. Meanwhile, binding 
the specimen to the build plate is a worse choice (compared to increasing environmental 
temperature) since delamination may still happen.  
Regarding humidity, the water absorption rate and saturation points of PC filaments 
were measured under different environmental humidity. The saturated filaments were then 
printed and characterized. While the water-generated porosity is less than estimated, it still 
showed a significant impact on the specimen’s mechanical performance. Compared to 
printing with dried filaments, the specimens made of filaments with water content have 
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inferior strength in both longitudinal (up to 30 % reduction) and transverse directions (up 
to 70 % reduction). However, compared to specimens with low water content (> 0 wt% 
and < 0.10 wt%), increased ductility (up to 50 %) was observed in the transverse direction 
than high water content (> 0.10 wt%) specimens. This increase in ductility is due to the 
combined effect of high porosity and non-uniform cross-section geometry: the crack 
propagates beyond the bond plane, and the long path in return gives more plastic dissipation, 
as confirmed by SEM scans. Overall, we recommend drying filaments before printing and 
keep the printing environment dry, especially for long jobs, for minimal geometric warping 






Chapter 5 : Determination of the Effective Young’s Modulus 
In this chapter, we discussed the method to determine the effective Young’s 
modulus for printed specimens. It is well-known that the elastic responses of homogeneous 
isotropic materials are commonly represented by their Young’s modulus (E), but voids and 
geometric variability associated with additive manufacturing result in materials that are 
neither homogeneous nor isotropic. Here we applied finite element analysis (FEA) to 
determine the effective elastic modulus (Eeff) of polycarbonate samples printed via fused 
filament fabrication. The simulation could predict Eeff based on material intrinsic modulus 
and printed geometry. From further stress analysis, an analytical estimation is proposed to 
capture the modulus change upon varied printing conditions and hence different geometries. 
We envision this FEA-based approach could provide a precise modulus estimation for as-




As stated in Chapter 1.2, though there are extensive studies working on mechanical 
strength, few studies have addressed the Young’s modulus, an important material property 
used for material design and selection, of 3D-printed parts. To address this issue, the 
additive manufacturing community has been calling for test standards of Young’s modulus 
that could account for the modulus change brought by the printing process [18]. If we 
115 
 
consider a typical tensile test procedure, the force is normalized by the cross-section area 
(of the standard dogbone tensile specimen) to get the stress, from which we could obtain 
the elastic modulus dividing by strain. Here we call this ‘effective Young’s modulus (Eeff)’ 
since it reflects the combined effects of material’s intrinsic modulus (E) and printed 
geometry. As intrinsic modulus could change after processing, and the printed geometry 
has a non-uniform cross-section, the estimation of effective Young’s modulus is very 
challenging, especially when a full cross-section geometry is not available. 
Here we have investigated rational ways to predict the effective Young’s modulus 
from measured intrinsic modulus and geometries. From micro-CT scanned digital model 
and measured intrinsic modulus, Finite Element Analysis was performed and shown to be 
able to precisely predict the effective modulus. Inspired by further studies on stress 
distribution, multiple analytical methods were proposed and compared with experimental 
results. Finally, we identified that there is one method that can provide effective Young’s 
modulus values with less than 10 % deviations for our case. The FEA-inspired approach 
could be extended to other printing practices. 
 
5.2 Methods 
Figure 5.1 shows a typical geometry of extrusion-based AM specimens, where the 
cross-section is non-uniform and the width varies at different locations. To give an insight 
of the elastic response of specimens prepared by FFF, we fabricated multiple specimens, 
then performed mechanical tensile tests following the Chapter 2.2 procedure, and finite 





Figure 5.1: Schematics of the tensile specimens in both testing directions, one stretching 
along printing direction X (longitudinal), the other stretching along layer stacking direction 
Z (transverse). 
 
Multiple thin-wall geometries were printed using three different layer heights: 
0.15 mm, 0.30 mm, and 0.45 mm, while other parameters were kept constant (nozzle 
temperature: 280 °C, print speed: 10 mm/s, build plate temperature: 115 °C, humidity  
< 10 % RH). Each thin wall represents a stack of single extrudates: within each layer, there 
is only one continuous extrudate deposited. After printing, the specimens were scanned by 
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Bruker Skyscan 1172 Micro-CT scanner with a resolution of 4.87 μm/pixel. The scanned 
results were imported into MATLAB for further image analysis, which facilitated precise 
measurements of the width of each layer, including the narrowest part (bond width) and 
the widest part (wall width). As expected, the width of the original digital design (nominal 
width) is between bond width and wall width. To be noted here, our printing was done with 
100 % flow index, i.e., the product of nozzle area and extrusion speed is equal to the 
product of deposited cross-section area and nozzle moving speed. This represents the most 
common printing setup, while intentionally increase or decrease flow index will cause 
over- or under-extrusion of materials and result in less dimensional accuracy. 
 
5.3 Finite Element Analysis 
To better illustrate the stress distributions within specimens and to use as references 
for Young’s modulus measurements, simulations of the tensile tests were conducted with 
commercial finite element package Abaqus/Standard. As shown in Figure 5.2, a cross-
section image was extracted from reconstructed 3D geometry and converted into a binary 
image. The outline of the specimen was further fitted and converted into vector form. The 
Drawing Exchange Format file was then imported to Solidworks and transformed into 
Abaqus-readable IGES format, before finally modeled and applied boundary conditions in 




Figure 5.2: Scanned cross-section profile and converted finite element analysis setup. 
119 
 
The bottom surface was constrained in the stretching direction, and the bottom-left 
node was fixed in all directions. A small displacement loading was applied on a reference 
point coupled with the top surface, and all other boundaries were set as free to simulate the 
uniaxial tensile condition. The 8-node linear brick with hourglass control and reduced 
integration element (C3D8R) was used in simulations. Since we are investigating the 
elastic properties of tensile specimens, linear elastic material properties were applied in 
simulations. Considering the material intrinsic modulus may change after printing, 
additional measurements were performed on 0.5 mm diameter free-hang filament extruded 
from the printer nozzle, using the same processing parameters. The after-printing Young’s 
modulus was measured to be 1.82 GPa ± 0.05 GPa, which was applied in simulation 
together with the Poisson’s ratio of 0.35. After the simulations, the reaction force on the 
reference point was extracted, which equals to the reaction force on the right loading 
surface. 
To validate the simulation results, a mesh convergence study was conducted. 
Different mesh sizes with the number of meshes ranging from 300 to 24,000 were used to 
estimate the error as Figure 5.3. From the figure, the results converged to less than 0.2 % 
error starting from 2,700 meshes, and the corresponding meshes were used in simulations 






Figure 5.3: The mesh convergence study, the results converge with the increased number 
of meshes. 
 
We also performed mechanical tests on printed samples following the procedure 
described in Chapter 2.2.2. By comparing the effective Young’s modulus obtained by 
simulation and experiment, we do find this elastic simulation could successfully capture 
the specimens’ moduli, as Table 5.1 and Figure 5.4 shows. This further confirms that 
geometry and intrinsic modulus change contribute together to the effective Young’s 
modulus change, which could be accurately simulated by considering both factors. 
However, as the intrinsic modulus change is only 3 % according to our measurements 





Table 5.1: Comparison between measured Young’s modulus in transverse tests and the 






0.15 mm 1.79 ± 0.03 1.77 
0.3 mm 1.52 ± 0.06 1.59 




Figure 5.4: Comparison between measured Young’s modulus in transverse tests and the 
corresponding predictions from the Finite Element Analysis. The error bars are from 
standard deviations of data obtained from 5 measurements. 
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Looking back to the simulation results, from the stress distribution within the tensile 
specimens (Figures 5.5 - 5.7), the stress in YY and YZ directions is more than 80 % smaller 
compared to that of the ZZ direction. For the normal stress along the stretching direction 
(ZZ), the stress within bond width is almost uniform, except few stress concentrations at 
linking points between two layers. Meanwhile, the stress in the ZZ direction drops 
significantly out of the bond width region. At the very far points in the caps, compressive 
stress is observed, which means the cap regions only contribute to a small portion of the 





Figure 5.5: Finite element simulation of tensile tests along the transverse direction of 




Figure 5.6: Finite element simulation of tensile tests along the transverse direction of 







Figure 5.7: Finite element simulation of tensile tests along the transverse direction of 
specimen with 0.45 mm layer height. The stress distribution within a piece of specimen is 
illustrated. 
 
For more quantitative analysis of the finite element results, we extracted the stress 
distribution across the cross-section of the models, as Figure 5.8 shows. The number at left 






Figure 5.8: Extracted normal stress along a section. 
 
For all three layer heights that have been simulated, the cross-sectional stress 
distributions were plotted in Figure 5.9. We could see that the cap region has much lower, 
sometimes even negative normal stress, while the central area has higher and more uniform 
normal stress. If integrating across the cap regions, we found that the cap region can 
provide an average of 30 % of loading-bearing capability (29.1 % for 0.15 mm, 30.7 % for 
0.3 mm, 30.6 % for 0.45 mm). From this finding, we proposed the method of ‘bond + 30 % 





Figure 5.9: Extracted normal stress along sections of different specimens. 
 
5.4 Estimation Approaches 
Based on the analysis of stress distribution, multiple methods could be proposed to 
estimate the effective Young’s modulus of the 3D-printed specimens by linking the overall 
mechanical performance with dimensions of specimens and material intrinsic modulus, as 

















Bond width + 











∫ w(z)E/wn dz 
Eeffective = (wb+ 
0.3*(ww-wb))E/wn 
 
(E is the material intrinsic modulus of 1.82 GPa, wn is the nominal width of 0.5 mm, wb is 
the bond width, ww is the wall width, cap width is ww - wb, while for the analytical 
averaging method, w(z) stands for the real width at each z location.) 
 
Among these widths, the nominal width and the wall width are the easiest to obtain: 
the nominal width is simply the dimension in digital design while the wall width could be 
measured by a caliper. As the majority of the positive tensile normal stress Szz would be 
distributed within the narrowest neck - bond width (Figures 5.5 - 5.7), it is natural to assume 
these regions make major contributions to the overall tensile properties. However, 
measuring the bond width is challenging in general settings, as it requires either sectioning 
or X-ray scanning. Another method would be discretizing the specimen into thin slices, 
then integrating slices. The key assumption here is each slice remains planar after 
deformation, and there is no shear or bending stress. 
Finally, an alternative method is proposed with a factor based on the stress 
distribution results from numerical simulation: using bond width plus 0.3 times cap width, 
which is the difference between wall width and bond width. The additional 30 % of cap 
width accounts for the contribution of cap regions and gives a better estimation than simply 
using the bond width.  
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On the other hand, for longitudinal direction specimens, there is no significant 
change in their cross-section areas along the stretching direction, despite the less than 2 % 
variation brought by printer inaccuracy. As a result, their effective modulus could be 
simply calculated using the constant cross-section area. To be noted here, this creates 
anisotropic stiffness behavior in general FFF specimens. For larger-scale parts that have 
different raster angles, they should be considered and calculated as composites to get 
precise estimations. 
 
5.5 Comparison between different methods 
The comparison between different estimation methods are shown in Table 5.3 and 
Figure 5.10, where the effective modulus is estimated based on each method, and the 
measured value is denoted as solid blue dots. Generally, all methods work better at a thinner 
layer height (less geometry deviation), while at a thicker layer height, the errors are higher. 
 
Table 5.3: Comparison of the estimated moduli for 0.45 mm layer height and the measured 
value (1.23 GPa ± 0.08 GPa). Deviation is calculated by (Estimation - Measurement) / 










Bond width + 
30 % cap width 
Estimated modulus at  









1.31 ± 0.04 







Figure 5.10: (a) The force-displacement relationships of transverse direction specimens 
with different layer heights. (b) The estimation of effective modulus using different 
methods, the experimentally measures values are denoted as solid blue dots. 
 
Both nominal width and wall width overestimated the effective Young’s modulus, 
as both options do not account for the narrower necks, which significantly reduces the load-
bearing capability. For the bond width, though the simulation supports our hypothesis that 
the positive normal stress mainly distributes within the neck region, using bond width still 
underestimates the effective modulus. This means that the cap region has contributed to 
the effective modulus. Similarly, though simulation shows the stress in YY and YZ 
directions are small, there are still significant deviations between the analytical averaging 
method and experimental results. This suggests that the assumption of plane sections 
remain plane is not true: those small YY and YZ stresses still affect the overall load-bearing 
capability.   
Finally, the proposed method based on the bond width and wall width could give a 
good and consistent estimation throughout all tested layer heights, and it is the only method 
that has less than 10 % deviation. From this result, we learned that while the bond width 
contributes most to the load-bearing capability, the cap region can still hold around 30 % 
modulus compared to a solid cubic part with the same dimensions. To get an accurate 
estimation, both regions need to be counted. What is more, since the relationship between 
intrinsic modulus, geometry, and effective modulus is found, we can also estimate the 
intrinsic modulus from the exterior dimension and effective modulus of printed specimens, 
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which will be helpful when there is a big change in intrinsic modulus before and after 
printing. 
 
5.6 Chapter Summary 
In summary, we performed finite element analysis to find the relationship between 
material intrinsic modulus, printed geometry, and the overall effective modulus. From the 
inspiration given by the simulated stress distribution, we also proposed an empirical 
method to estimate the effective Young’s modulus of the specimens prepared by fused 
filament fabrication. The effective Young’s modulus is calculated from the material 
intrinsic modulus value and the exterior dimensions of printed specimens. The empirical 
method shows good estimation accuracy with less than 10 % error for three different tested 
layer heights. Though the empirical factor could vary from case to case, since the layer-by-
layer structure is widely found in extrusion-based additive manufacturing (EAM) parts, the 
approach of using FEA to analyze the stress distribution could be applied to other EAM 










Chapter 6 : Summary and Outlook 
6.1 Summary of this Work 
In this work, we have used a combination of analytical, numerical, and 
experimental approaches to investigate the key factors that determine the FFF printing 
quality. Through the study, we have found: 
• In different testing directions, the failure mode changed from slow fracture 
(longitudinal) to fast fracture (transverse). SEM images revealed the different levels 
of plasticity formed across the fracture surfaces, which resulted in the fracture mode 
change. 
• When layer height increased, the bonding area was reduced, which in return caused 
reductions in transverse tensile strength and Young’s modulus. The strength and 
modulus change were correlated with geometry changes quantified with micro-CT 
scan results: the strength showed a simple linear relationship with the bonding area 
within the measured conditions, while the modulus change is more complex but 
still could be explained by finite element simulations. To be noted, decreasing layer 
height will also increase printing time. So, there is a tradeoff between quality and 
speed. 
• When changing the nozzle temperature, no significant geometrical difference was 
found. However, for transverse tensile strength, a minimum threshold of 250 °C 
was observed to reach maximum strength. This is attributed to the difference in 
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welding time, which leads to the different welding quality. If the welding is fully 
developed, further increasing the temperature is not expected to change the strength. 
• When increasing print speed, there could be periodical geometry variations in 
printed width, while it did not influence mechanical performance within the range 
that we tested, since the cross-section area did not change. 
• Using the micro-CT data, we could intentionally tune the flow index to compensate 
for machine-related errors and get better dimensional accuracy.  
• When increasing environmental temperature, a smaller thermal gradient was 
detected within the specimen right after printing. Hence, there was less warping 
and deflection of the specimen off of the build plate. An analytical model based on 
the Timoshenko beam theory was proposed to estimate the deflection, while the 
adhesion between specimen and build plate still makes some discrepancies. Overall, 
to reduce warping, we recommend increasing environmental temperature rather 
than adding glues, since the remaining thermal stress may cause delamination 
defects. 
• When increasing environmental humidity, PC absorbed more water and generated 
more porosity during printing, which in return reduced the as-printed specimen’s 
mechanical performance. Meanwhile, an increase in ductility was observed in the 
transverse direction as the water content further increased and reached 0.15 wt%. 
Overall, drying filaments before printing is always recommended, reducing 
environmental humidity to less than 30 % RH is also recommended for long 




Besides the direct influences of printing conditions, we also performed FEA to 
study the relationship between material intrinsic modulus, printed geometry, and the 
specimen’s overall effective Young’s modulus. From the FEA results, we proposed a 
simple and reliable approach to determine the effective Young’s modulus. Based on 
scanned geometry from micro-CT, this simulation-inspired approach could compensate for 
the non-uniform cross-section geometry and give an accurate estimation of the effective 
Young’s modulus with a < 10 % error. The same CT scan - FEA - stress analysis approach 
could possibly be extended to other printers and printing technologies as well. 
Overall, we envision that our findings can contribute to providing guidelines for 
the selection of printing parameters to improve or customize printing quality, as well as 
expand the understanding of the FFF process. Our experimental data may also serve as 
benchmark data for future thermo-mechanical simulation models. 
 
6.2 Future Directions 
Our work may open new directions for studying the FFF process. Firstly, more 
fundamental investigations of the underlying mechanism could be very helpful. For 
example: 
• Understanding the interactions between the extruded filament and previously 
deposited material: modeling the chain entanglement and weld development so that 




• Developing numerical models that either consider or can predict the imperfection 
during the printing process, like the ‘waviness’ defects observed when varying print 
speed. 
• Characterizing the fracture behaviors with more experimental tools, for example, 
using a high-speed camera to capture the crack propagation during transverse 
direction tests. 
• Modeling the printing process with considerations of the surrounding air, 
accounting for the thermal conduction and convection during printing, which can 
give a more accurate estimation of the thermal history. 
• Modeling the process of water diffusing into the polymer and generating pores 
during printing, especially for the nano-pores that were not discussed in this study. 
This also requires the involvement of more advanced experimental techniques, like 
in-situ nano-CT. 
 
Next, our current study focused on the geometry of a single extrudate wide wall. Future 
studies could include larger-scale samples, where raster angle, infill density, and tool path 
will play more important roles. The raster angle can bring in more anisotropy, while a 
proper tool path may reduce the anisotropy. Infill density will introduce structural porosity, 
which can impact the as-printed mechanical properties. Besides the mechanical side, the 
geometry change will influence thermal stress and water absorption rate, which makes the 
environmental factors having more complex effects on printing quality. 
Furthermore, FFF supports more materials other than the PC. While for other materials, 
people may need to consider more physical and chemical properties like crystallinity, 
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which highly depends on thermal history. Also, some polymers are more sensitive to 
humidity, while others are not. For advanced applications of printing composite filaments, 
studying the interactions between different materials is also required: How will they weld 
together? What could be the effects of strain mismatch as they have different coefficients 
of thermal expansion? 
Finally, the overall objective of the NSF DMREF project, is the creation of a multi-
physics multi-scale numerical model to fully account for the printed polymer’s behavior 
from multiple aspects, including solid mechanics, polymer dynamics, and molecular and 
chain dynamics. We hope our study could provide solid experimental foundations for such 
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